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Recent studies have shown that transforming growth factor (TGF)-h3 regulates blood–testis barrier (BTB) dynamics in vivo, plausibly by
determining the steady-state levels of occludin and zonula occludens-1 (ZO-1) at the BTB site via the p38 MAP kinase signaling pathway.
Since BTB is composed of coexisting TJs and basal ectoplasmic specializations [ES, a testis-specific adherens junction (AJ) type] in the
seminiferous epithelium of the rat testis, we sought to examine if TGF-h3 would also regulate anchoring junction dynamics. Using an in
vivo model in which rats were treated with AF-2364 [1-(2,4-dichlorobenzyl)-indazole-3-carbohydrazide] to perturb Sertoli–germ cell AJs
without affecting the integrity of TJs at the BTB, it was noted that the event of germ cell loss from the epithelium was associated with a
transient surge in TGF-h3. Furthermore, it was also associated with a surge in the protein levels of Ras, p-ERK, and the intrinsic activity of
ERK, illustrating TGF-h3 apparently regulates Sertoli–germ cell ES function via the Ras/MEK/ERK signaling pathway. Indeed,
pretreatment of rats with ThRII/Fc chimera, a TGF-h antagonist, or U0126, a specific MEK inhibitor, could significantly delay and partially
block the disruptive effects of AF-2364 in depleting germ cells from the epithelium. While the protein levels of the cadherin/catenin complex
were significantly induced during AF-2364-mediated germ cell loss, perhaps being used to retain germ cells in the epithelium, this increase
failed to reverse the loss of adhesion function between Sertoli and germ cells because of a loss of protein–protein interactions between
cadherins and catenins. Collectively, these results illustrate that the testis has a novel mechanism in place in which an agent that primarily
disrupts TJs can induce secondary loss of AJ function, leading to germ cell loss from the seminiferous epithelium. Yet an agent that
selectively disrupts AJs (e.g., AF-2364) can limit its effects exclusively at the Sertoli–germ cell adhesive site without perturbing the Sertoli–
Sertoli TJs.
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Cytokines, such as TGF-hs, are known to perturb TJ-
barriers in retinal endothelial cells, 31EG4 cells, and Sertoli
cells in vitro (for reviews, see Lui et al., 2003b; Mruk and
Cheng, 2004b; Walsh et al., 2000), illustrating their crucial
function in junction dynamics in multiple epithelia includ-
ing the seminiferous epithelium of the testis. Indeed, recent
in vivo studies have shown that TGF-h3 is a crucial
regulator of BTB dynamics in the rat (Lui et al., 2003e;
Wong et al., 2004). For instance, when CdCl2 was
administered to adult rats, the disruption of Sertoli cell TJ280 (2005) 321–343
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epithelium were associated with a transient surge in TGF-
h3 (Lui et al., 2003e). This subsequently activated the p38
MAP kinase downstream (Lui et al., 2003e), as well as a
disruption and a loss of occludin and actin filaments at the
BTB site (Hew et al., 1993). More important, these
observations were later confirmed by studies using specific
inhibitors of MAP kinases, such as SB202190 which is a
specific inhibitor of p38 MAP kinase (Ravanti et al., 1999),
that were capable of delaying the loss of occludin and ZO-1
from the BTB site, partially blocking the cadmium-induced
damage to the BTB (Wong et al., 2004). Additionally, it
was also shown that TGF-h3 utilized the p38 MAP kinase
to regulate the levels of cadherins, catenins, and nectins in
the epithelium during CdCl2-induced BTB damage (Wong
et al., 2004). These results thus implicate that TGF-h3 is
capable of regulating both TJ and AJ dynamics in the testis.
The fact that a primary disruption of TJ can lead to a
secondary loss of AJ function in the testis as shown in the
CdCl2 and the glycerol models (for reviews, see Mruk and
Cheng, 2004b; Wiebe et al., 1986) are in agreement with
the physiology of cell junctions in other epithelia, such as
the intestine, kidney and skin (Guo et al., 2003; Man et al.,
2000; Troxell et al., 1999). Indeed, this observation is not
entirely unexpected since TJs coexist with basal ES and
basal tubulobulbar complex (TBC) (both are testis-specific
cell–cell actin-based AJ types) to constitute the BTB in the
rat testis (for reviews, see Lee and Cheng, 2004b; Mruk
and Cheng, 2004a,b). As such, a disruption of TJs at the
BTB induced by CdCl2 can compromise AJs. Yet this
signal is transmitted to the apical ES and apical TBC at the
Sertoli-spermatids interface, thereby inducing germ cell
loss from the epithelium. An interesting question thus
arises: can a disruption of Sertoli–germ cell AJs lead to a
dissolution of Sertoli–Sertoli TJs thereby perturbing the
BTB integrity, as earlier reported in other epithelia? For
instance, it is known that TGF-h1 can disrupt the
pulmonary endothelial AJ by redistributing AJ proteins,
such as catenins and cadherins at the AJ site, thereby
lowering the transendothelial electrical resistance (Hurst et
al., 1999). But if this is indeed the case in the testis,
spermatogenesis would be difficult to maintain in the
seminiferous epithelium since extensive anchoring junction
(i.e., cell–cell actin-based AJ and cell–cell intermediate
filament-based desmosome-like junctions) restructuring that
takes place in the epithelium to facilitate germ cell
movement would have disrupted the BTB. Yet the BTB
integrity is known to maintain during the entire semi-
niferous epithelial cycle to sequester post-meiotic germ cell
antigens from the systemic circulation and to maintain cell
polarity (for reviews, see de Kretser and Kerr, 1994; Dym
and Fawcett, 1970; Setchell, 1980). Based on these data,
we hypothesize that the testis is utilizing different signaling
pathways, one of which can regulate both TJ and AJ
dynamics, whereas the other is restricted to Sertoli–germ
cell AJ regulation without perturbing TJs.Materials and methods
Animals and antibodies
Male Sprague–Dawley rats were obtained from Charles
River Laboratories (Kingston, MA). The use of animals for
the studies reported herein was approved by the Rockefeller
University Animal Care and Use Committee, with Protocol
Numbers 00111 and 03017. Antibodies used in this report
were summarized in Table 1.
AF-2364 [1-(2,4-dichlorobenzyl)-indazole-3-
carbohydrazide]-induced germ cell loss from the
seminiferous epithelium
Adult rats (~280–330 gm b.w.) were treated with a single
dose of AF-2364 by gavage at 50 mg/kg b.w.(Cheng et al.,
2001; Grima et al., 2001). At specified time points, rats were
terminated by CO2 asphyxiation and testes were frozen in
liquid nitrogen and stored at 808C until use.
Immunoblot analysis
Immunoblotting was carried out using ~150 Ag protein
from lysates of testes. Testes were prepared using a Polytron
or a sonicator in an immunoprecipitation (IP) lysis buffer
[10 mM Tris, 0.15 M NaCl, 2 mM PMSF, 2 mM EDTA, 2
mM N-ethylmaleimide, 1% NP-40 (vol/vol), 1 mM sodium
orthovanadate, 0.1 AM sodium okadate, and 10% glycerol
(vol/vol)] using a tissue/buffer ratio of 1:5 as previously
described (Lee et al., 2003; Lui et al., 2003c; Siu et al.,
2003; Wong et al., 2004). SDS-PAGE using 7.5–14%T
(total acrylamide concentration, gm/100 ml, acrylamide +
bis-acrylamide) SDS polyacrylamide gels was carried out as
described (Cheng et al., 1985).
Immunohistochemistry
Immunohistochemistry was performed essentially as
previously described (Siu et al., 2003). Frozen testes were
embedded in OCT compound (Sakura Finetek USA, Inc.,
Torrance, CA) and sectioned to 8 Am in thickness with a
microtome in a cryostat (Hacker, Fairfield, NJ) at 208C,
mounted onto poly-l-lysine-coated slides and stained for
TGF-h3 or p-ERK using a Histostain-SPk kit (Zymed
Laboratories, South San Francisco, CA). Sections were exa-
mined with an Olympus BX-40 microscope (Olympus Corp.,
Melville, NY) and photographed with an Olympus DP70
12.5 MPa Digital Camera. Images were acquired with
QCapture software (version 2.6 from Quantitative Imaging
Corp., Burnaby, BC, Canada) and analyzed with Adobe
Photoshop (Version 7.0). Controls include: (1) primary anti-
body was replaced by normal rabbit serum or normal rabbit
IgG; (2) primary antibody was pre-absorbed in recombinant
human TGF-h3 (cat. no. PF073, lot no. D18526-1, Onco-
gene); (3) primary antibody was replaced by PBS.
Table 1
Summary of primary antibodies used in this report
Vendor Antibody against target protein Animal source Catalog no. Lot no. Use Working
dilution
Santa Cruz Biotechnologies
(Santa Cruz, CA)
Actin Goata sc-1616 D052 IBb 1:1000
TGF-h3 Rabbit sc-82 H280 IB 1:200
IHC 1:150
p-Smad2/3 Rabbit sc-11769-R E2303 IB 1:200
MEKK2 Rabbit sc-1088 A181 IB 1:200
N-Cadherin Rabbit sc-7939 J1502 IB 1:200
IP 1:40
E-Cadherin Rabbit sc-7870 C212 IB 1:200
a-Catenin Rabbit sc-7894 G3003 IB 1:200
h-Catenin Rabbit sc-7199 L0203 IB 1:200
IP 1:40
Nectin-3 Goat sc-14806 K261 IB 1:200
IP 1:40
IF 1:100
Laminin-g3 Goat sc-16601 G032 IB 1:200
BD Transduction Laboratories
(San Diego, CA)
Smad2/3 Mouse, monoclonal 610842 5 IB 1:500
Integrin-h1 Mouse, monoclonal 610468 8 IB 1:500
Sigma-Aldrich (St. Louis, MO) l-Afadin Rabbit A0349 012K4875 IB 1:2000
IF 1:1000
Upstate Biotechnology
(Lake Placid, NY)
Ponsin Rabbit 06-994 19419 IB 1:250
Oncogene Research Products
(San Diego, CA)
Pan-Ras Mouse, monoclonal OP40 D20224-1 IB 1:250
Cell Signaling Technology
(Beverly, MA)
p-ERK (Thr202/Tyr204) Rabbit 9101S 13 IB, 1:1000
IHC 1:100
ERK Rabbit 9102 10 IB 1:1000
p-p38 MAPK (Thr180/Tyr182) Rabbit 9211 10 IB 1:1000
p38 MAPK Rabbit 9212 3 IB 1:1000
p-Elk-1 (Ser383) Rabbit 9181S 4 IB 1:1000
Zymed Laboratories Inc.
(South San Francisco, CA)
N-Cadherin Mouse, monoclonal 33-3900 30778768 IF 1:100
h-Catenin Rabbit 71-2700 30477187 IF 1:100
Testin Rabbit (Cheng and Bardin, 1987;
Cheng et al., 1989)
IB 1:300
a All primary antibodies used in this report were polyclonal antibodies except otherwise specified.
b IB, immunoblotting; IHC, immunohistochemistry; IF, immunofluorescence microscopy.
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The ERK intrinsic kinase activity in sample lysates
was quantified using the p44/42 MAP Kinase Assay Kit
from Cell Signaling (Cat #9800, Beverly, MA) following
the protocol provided by the manufacturer. In brief,
lysates from AF-2364-treated rat testes were prepared in
Cell Lysis Buffer (CLB) [20 mM Tris (pH 7.5), 150 nM
NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton, 2.5 mM
sodium pyrophosphate, 1 mM h-glycerolphosphate, 1 mM
Na3VO4, 1 Ag/ml leupeptin] following the method earlier
described (Lee and Cheng, 2005) and protein concen-
tration was estimated by Bradford assay (Bradford, 1976).
200 Ag of protein in 200 Al cell lysis buffer was used per
reaction in which p-p44/42 was immobilized by an
agarose-conjugated p-p44/42 monoclonal antibody with
an overnight incubation in agitation at 48C. The immuno-
complexes were washed twice in CLB and twice in the
Kinase Buffer (KB) [25 mM Tris (pH 7.5), 5 mM h-
glycerolphosphate, 2 mM DTT, 0.1 mM Na3VO4, 10 mM
MgCl2]. Following centrifugation (10,000 g, 30s), thepellet was resuspended in 50 Al KB supplemented with
200 AM ATP and 2 Ag Elk-1 fusion protein and incubated
at 308C for 30 min. The reaction was terminated in SDS
sample buffer [125 mM Tris, pH 6.8 at 228C, containing
20% glycerol, 1% SDS and 1.6% h-mercaptoethanol]. p-
Elk-1 was detected by immunoblotting using an anti-p-
Elk-1 antibody supplied in the kit, indicating the p-p-44/42
activity in phosphorylating Elk-1.
The use of TbRII/Fc chimera, a TGF-b antagonist; or
U0126 [1,4-Diamino-2,3-dicyano-1,4-bis
(2-aminophenylthio)butadiene], an MEK inhibitor;
to delay the AF-2364-induced germ cells from the
seminiferous epithelium
Recombinant mouse ThRII/Fc chimera (cat. No. 532-
R2, R&D Systems, Inc, Minneapolis, MN) were recon-
stituted in PBS with 0.1% BSA at a final concentration of
100 Ag/ml. 10 Ag ThRII/Fc chimera was diluted in saline
(0.15 M NaCl) to a total volume of 200 Al and injected to
each testis at 2 sites as described (Grima et al., 1998).
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stock that was freshly prepared in DMSO was injected to
each testis at a final concentration of ~25 AM (i.e., 40
nmol, or 15.2 Ag, assuming each testicle had a volume of
~1.6 ml). The site of administration was cleansed by 70%
alcohol. The inhibitor, antagonist, or both was administered
at 2 sites per testis using a 27-gauge needle. Within 30 min
after the injection, rats were fed with a single dose of AF-
2364 (50 mg/kg b.w.) as described above. At specified timepoints, rats were terminated and testes were harvested for
further analysis. Each time point had 2 rats in each
experiment, and the experiment was repeated at least 3
times. In selected experiments, testes were frozen in liquid
nitrogen and stored at 808C, or were fixed in Bouin’s
fixative and processed for paraffin sections as described
(Siu and Cheng, 2004b).
To assess the kinetics of germ cell depletion with and
without inhibitor/antagonist pretreatment, the following
Fig. 1. A study to assess the induction of TGF-h3 in the seminiferous epithelium of adult rat testes during AF-2364-induced Sertoli–germ cell AJ
disruption that leads to germ cell loss from the testis. (A) Testes obtained from AF-2364-treated rats were prepared as described in Materials and
methods. Testis lysates were analyzed by immunoblotting, probing for TGF-h3 using a specific antibody (upper panel). The same blot was reprobed for h-actin
to assure equal protein loading. The relative protein level at time 0 (Ctrl) was arbitrarily set at 1. Each bar is the mean F SD from at least 3 samples. ns, not
significantly different from control as determined by one-way ANOVA; T, significantly different, P b 0.05; TT, significantly different, P b 0.01. (B)
Recombinant TGF-h3 (lane 1 and 2, ~10 ng protein each) or testis lysate (lane 3, ~150 Ag protein) were analyzed by reducing and non-reducing SDS-
PAGE and probed with a TGF-h3 antibody to illustrate its monospecificity. (C) The antibody shown in (B) was used for immunohistochemistry to
localize immunoreactive TGF-h3 in frozen sections of rat testes in normal rats (a) versus rats treated with AF-2364 at different time points (c–i). a,
normal testes. Scale bar = 200 Am in a (left panel) also applies to b, the left half of the graphs f and h, and i. Scale bar = 100 Am in a (right panel)
also applies to c, d, e, g and the right half of f and h. b, normal rabbit serum control in place of the primary antibody. This set of micrographs is the
representative result of eight different experiments using different testes over a period of 16 months. (D) A schematic drawing illustrating the currently
known signaling pathways that TGF-h uses to mediate its biological effects. After activated from its latent form, TGF-h binds to its tetraheteromer
receptor, and transduces the signals via Smad signaling pathway or the MAP kinases pathways, or others. The purple-shaded pathway represents the
ERK MAPK pathway that was shown in this report to be used by TGF-h3 to regulate Sertoli–germ cell AJ dynamics in the rat testis. The grey
shaded pathway was reported earlier that was used by TGF-h3 to regulate TJ dynamics via p38 MAPK. This figure was prepared based on earlier
reviews (Lui et al., 2003b; Massague, 2000; Wakefield and Roberts, 2002).
W. Xia, C. Yan Cheng / Developmental Biology 280 (2005) 321–343 325criteria as reported earlier (Chen et al., 2003) were used. In
testes, 1–2 days after the treatment, any tubule that was
found to have either at least 10 elongate spermatids or any
number of round spermatids or spermatocytes in the lumenwas counted as ddamagedT. In testes, 4 days after the
treatment because virtually no tubules were found to have
any elongate spermatids, they were counted as ddamagedT.
At least 150 tubules from at least 3 rat testes were scored
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the treated testes was estimated using the following formula:
% of normal tubules
¼ f1 ½number of ‘damaged
‘
tubules
=total number of tubules in each treatment groupg
 100%
Co-Immunoprecipitation (Co-IP)
~500 Ag protein lysates of testes were used for Co-IP
experiments, which were carried out as described (Lee et al.,
2003). Following Co-IP, immunocomplexes were denatured
in SDS-sample buffer and resolved by SDS-PAGE and
subjected to immunoblottings.
Fluorescence microscopy
Fluorescence microscopy was performed essentially as
previously described (Lee et al., 2003; Siu and Cheng,
2004b). Fluorescein isothiocyanate (FITC) and Cy3-labeled
goat anti-rabbit IgG were used to co-localize N-cadherin and
h-catenin. Frozen sections were treated with 10% normal
goat serum or normal donkey serum and incubated with the
corresponding of primary antibody pairs N-cadherin/h-
catenin and nectin-3/l-afadin at room temperature overnight.
Thereafter, sections were washed in PBS and incubated with
the fluorescein-labeled secondary antibody pairs. They were
then washed extensively in PBS before being mounted in
Vectashield with DAPI (4V, 6-diamidino-2-phenyl-indole)
(cat. #H-1500, Vector Laboratories, Burlingame, CA).
Sections were viewed under an Olympus BX40 microscope
equipped with Olympus UPlanF1 fluorescent optics. All
images were acquired digitally as described above.
Image analysis
To estimate the diffusion of proteins (e.g., N-cadherin
and h-catenin) from the site of its localization in the testis
after various treatments (AF-2364 alone and with or without
pretreatment of ThRII/Fc and U0126), as the means to
assess changes in protein–protein association, fluorescent
images of N-cadherin and h-catenin from fluorescence
microscopy were acquired and photographed at the same
magnification and parameters. At least 400 tubules from
testes of two different rats were randomly selected and
examined as follows. First, fluorescent images were photo-Fig. 2. A study to identify the potential signaling pathway utilized by TGF-h3 to r
induced germ cell loss from the seminiferous epithelium. (A) Immunoblot analys
signal transducers), as well as ERK1/2, p-ERK1/2, p38 MAPK, and p-p38 MAPK p
blot shown above but reprobed with an anti-actin antibody to confirm equal prote
Densitometric scanned results of immunoblots such as those shown in (A). For no
of the two isoforms were added and compared as a single entity. The protein level o
mean F SD of 3 samples. ns, not significantly different from control as determine
different, P b 0.01.graphed and printed. Second, the diffusion of a target
protein staining, such as h-catenin, from its arbitrary site of
origin is defined as the distance (in mm) from the BTB site
near the basement membrane to the edge of visible staining
away from the BTB in a treatment group, or control testes.
Thus, the Relative Diffusion (RD) of a target protein during
treatment = Distance of the target protein diffused away
from BTB at specified time point / the distance in control
testis (mean) at the same time point. The magnification (or
the absolute distance) used in our measurement did not
interfere RD results because they were being canceled out in
the numerator and denominator.
Statistical analysis
One-way ANOVA was performed using the JMP IN
software package (V4, SAS Inc, Cary, NC).Results
Up-regulation of TGF-b3 during AF-2364-induced
Sertoli–germ cell anchoring junction disruption in the
rat testis
To investigate the role of TGF-h3 in anchoring junction
dynamics in the AF-2364 model, we first assessed if there
were any changes in its protein level. It was noted that TGF-
h3 had a transient induction between 4 h and 4 days at the
time of germ cell loss in particular round/elongating/
elongate spermatids from the seminiferous epithelium (Figs.
1A, C). This induction was detected as early as 4–8 h (Fig.
1A) long before any visible changes in the epithelium
regarding germ cell loss were observed histologically (Fig.
1C). Using immunohistochemistry to examine the local-
ization of TGF-h3 in AF-2364-treated testes, TGF-h3
appearing as reddish precipitates was shown to be stage-
specific protein in the rat testis, being highest at stages VII–
VIII, low at stages I–VI, and virtually non-detectable at
stages IX–XIV (see Fig. 1C-a). At stages VI–VIII, TGF-h3
was found to associate predominantly with Sertoli cells,
spermatocytes and round spermatids but not elongate
spermatids (Fig. 1C-a). The immunoreactive TGF-h3
staining became more predominant at 8 h and was most
intensive at 1 day (Fig. 1C, d–h) post AF-2364 treatment,
similar to results of the immunoblot analysis (Fig. 1A). Also
noted was the stepwise dislodgement of elongate spermatids
(Fig. 1C-d, f), round spermatids (Fig. 1C, e–h) andegulate Sertoli–germ cell adhesion function in the rat testis during AF-2364
es of Smad2/3, p-Smad2/3, pan-Ras, and MEKK2 protein levels (upstream
rotein levels (downstream signal transducers). The bottom panel is the same
in and uniform protein transfer from gel onto nitrocellulose membrane. (B)
n-phosphorylated or phosphorylated ERK proteins, the densitometric results
f a target gene at time 0 (Ctrl) was arbitrarily set at 1. Each bar represents the
d by one-way ANOVA; T, significantly different, P b 0.05; TT, significantly
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(indicated by solid arrowhead). By 15 days after AF-2364
treatment, more than 90% of the tubules became devoid ofspermatocytes and all stages of spermatids; and virtually no
TGF-h3 staining was found in these tubules expect for some
retaining spermatocytes (Fig. 1C-i). Fig. 1B is an immuno-
W. Xia, C. Yan Cheng / Developmental Biology 280 (2005) 321–343328blot using recombinant TGF-h3 (lanes 1, 2) and testis
lysates (lane 3) under reducing (lane 1, 3) and non-reducing
(lane 2) conditions, illustrating the specificity of this
antibody, which was used for immunohistochemistry study
(Fig. 1C). Collectively, these results have shown that TGF-
h3 apparently was up regulated at the time of germ cell
detachment from the epithelium. Fig. 1D depicts the latest
findings regarding the different signaling pathways that
TGF-h3 can utilize to mediate its effects downstream by
perturbing either AJ function or both TJ and AJ integrity.
The Ras/MEK/ERK signaling pathway was utilized by
TGF-b3 to perturb Sertoli–germ cell adhesion function in
the seminiferous epithelium
To delineate the signaling pathway utilized by TGF-h3 to
perturb cell adhesion function in the testis, we have
examined the changes in the levels of selected proteins
upstream during AF-2364-induced germ cell loss by
immunoblottings. For instance, the protein level of MEKK2
remained virtually unaltered throughout the entire exper-
imental period (Fig. 2). Smad2/3 protein level also remained
indifferent from controls except for a mild but transient
reduction from 2 days to 4 days (Fig. 2). Furthermore, the
level of p-Smad2/3, the activated form of Smad2/3,
remained relatively similar (Fig. 2), suggesting the canon-
ical Smad signaling was not involved in AF-2364-induced
germ cell loss. Yet Ras protein level was induced by 2- to 3-
folds versus controls by 8 h post-treatment and stayed at this
level until 4 days before tumbling back to the basal level at
15 days (Fig. 2). It is therefore likely that the Ras pathway
(see Fig. 1D) was involved in the event of germ cell loss
induced by TGF-h3. Furthermore, the protein level of p38
MAP kinase and its phosphorylated form were stable
throughout the experimental period (Fig. 2), because recent
studies have shown that the BTB integrity was not
compromised during AF-2364-induced germ cell loss from
the epithelium (Mruk and Cheng, 2004b). However, ERK1/
2 was found to be induced by 2- to 4-fold by 4–15 days
post-treatment, and most significantly, the p-ERK1/2 level
(i.e., the activated form of ERK1/2) was induced by 6- to 8-
fold, which occurred as early as 8 h (Fig. 2). The highest
level of p-ERK1/2 induction was detected by 1 day, 7 days,
and 15 days, but the ratio of activated over non-activatedFig. 3. Activation of ERK in the rat testis during AF-2364-induced germ cell loss
of p-ERK1/2, the activated form of ERK1/2, in the rat testis during AF-2364-indu
that illustrates the monospecificity of the p-ERK1/2 antibody. Lysates of seminife
SDS-PAGE under reducing (+) and non-reducing () conditions and probed with
pERK2 with an electrophoretic mobility of 44 and 42 kDa were detected. a, Sca
which applies to b–e. b, Ctrl sections stained with normal rabbit IgG instead of th
of ERK using a pull-down assay as described in Materials and methods. In brief
Elk-1. The extent of p-Elk-1 was then quantified by an anti-p-Elk-1 specific antibo
in the kinase assay was also resolved by SDS-PAGE and probed with an anti-h-act
herein was a representative from 3 independent experiments using 3 different sets
Elk-1 in Ctrl was arbitrarily set at 1, against which data were compared by one
different, P b 0.05; TT, significantly different, P b 0.01.ERK1/2 was highest by 1 day (Fig. 2). Collectively, these
data seemingly support the notion that TGF-h3 may be
mediated its effects to perturb anchoring junctions in the
testis via the Ras/MEK/ERK pathway.
Activation of ERK at the apical ES led to an induction of the
downstream transcription factor Elk-1
To better understand ERK activation during AF-2364-
induced germ cell loss from the epithelium, we examined
the localization of phosphorylated ERK, which is known to
activate an array of transcription factors that regulate gene
expression (Chang et al., 2003). Indeed, p-ERK1/2 was
localized almost exclusively to the apical compartment of
the seminiferous epithelium, surrounding the heads of
elongate spermatids (Fig. 3A-a) consistent with its local-
ization at the apical ES and/or TBC. Some very weak
staining also extended to the interface of spermatocytes/
round spermatids and Sertoli cells, further away from the
lumen (Fig. 3A-a). This staining of p-ERK1/2 was specific
since control sections using rabbit IgG yielded no detectable
signals (Fig. 3A-b). By 4 h after AF-2364 treatment, no
obvious morphological changes were observed in the
epithelium, yet a surge in p-ERK1/2 staining was detected
(Fig. 3A-c). By 8 h, elongate/elongating spermatids began
to dislodge from the epithelium and in some tubules, they
formed discrete patches of cells that appeared to be moving
away from the epithelium towards the lumen (Fig. 3A-d). p-
ERK1/2 staining was limited to stage VII–VIII in normal
tubules but was found in other stages (e.g., at stage V when
elongate/elongating spermatids appeared close to the basal
compartment) in AF-2364-treated rats (Fig. 3A-d). The
staining of p-ERK1/2 was most intensive from 8 h to 1 day
(Fig. 3A-d and e), implicating this activated MAP kinase
probably plays a pivotal role in the process of elongate/
elongating spermatid depletion from the seminiferous epi-
thelium. Inset f in Fig. 3 illustrates that the p-ERK1/2
antibody used for immunohistochemistry staining was
specific since it reacted exclusively to the p-ERK1/2
proteins in lysates of seminiferous tubules and Sertoli cells.
Furthermore, the intrinsic kinase activity of p-ERK1/2
was quantified by measuring the phosphorylation of Elk-1,
the putative substrate of p-ERK1/2. The level of p-Elk-1
increased significantly from 4 h up to 7 days after AF-2364from the seminiferous epithelium. (A) Immunohistochemistry localization
ced germ cell loss from the epithelium (a–e). The inset (f) is an immunoblot
rous tubules (ST, ~100 Ag) or Sertoli cells (SC, ~150 Ag) were analyzed by
the p-ERK1/2 antibody. The two isoforms of ERK designated pERK1 and
le bar = 150 Am and Scale bar = 60 Am (magnified view of boxed area)
e anti-pERK1/2 antibody. (B) A study to assess the intrinsic kinase activity
, this assay quantified the phosphorylated downstream substrate of p-ERK:
dy (see top panel). In a parallel experiment, the same amount of lysates used
in antibody that served as a protein loading control. The immunoblot shown
of samples. These results were densitometrically scanned and the level of p-
-way ANOVA. ns, not significantly different from control; T, significantly
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was induced, indicating an increase in p-ERK1/2 in the
sample would lead to an increase in p-Elk-1 (Fig. 3B). Also,
it was noted that the level of p-ERK1/2 was most intense at
1 day post-treatment, yet p-Elk-1 peaked at 8 h (Fig. 3B
versus Fig. 2); and from 4 days to 7 days, p-ERK1/2 level
was similar to that of 1 day, but the corresponding p-Elk-1
level was not (Fig. 3B versus Fig. 2B). This suggests that 8
h is a critical time when p-ERK is at best in activating its
transcription factor Elk-1, and at later stage (4–7 days)
activated ERK somehow may not contribute much to the
downstream Elk-1 activation but may serve other functions.
Effects of a TGF-b antagonist, TbRII/Fc chimera, or an
MEK inhibitor, U0126, on the kinetics of AF-2364-induced
germ cell loss from the seminiferous epithelium
To further validate if TGF-h3 indeed is crucial to the event
of AF-2364-induced germ cell loss from the seminiferous
epithelium, we sought to block the action of this cytokine
using an antagonist and a downstream inhibitor of MEK to
examine the status of spermatogenesis versus AF-2364
treatment alone. Mouse recombinant ThRII/Fc chimera,
which is a conjugate of the extracellular domain of TGF-h
type II receptor and the Fc fragment of human immunoglo-
bulin, is an effective TGF-h antagonist (Komesli et al., 1998).
For instance, in vivo administration of this antagonist can
effectively inhibit TGF-h signaling in mice and rats (Lutgens
et al., 2002; Ryan et al., 2003). When 10 Ag ThRII/Fc chi-
mera was administered to each testis via intratesticular injec-
tion [note: this concentration was selected based on recently
published studies (Lutgens et al., 2002; Ryan et al., 2003)]
prior to AF-2364 treatment, this antagonist pretreatment was
shown to rescue tubules from the damaging effects of AF-
2364. For instance, the % of normal tubules was significantly
higher in the antagonist plus AF-2364 treatment groups 1–2
days post-treatment versus AF-2364 alone (Fig. 4A). The %
of normal tubules reduced from 20% to 10% in the AF-2364
treatment group, from day 1 to day 2, but this percentage was
elevated to N20% with the antagonist pretreatment (Fig. 4B).
Likewise, the representative micrographs shown in Fig. 4A
have illustrated in rats pretreated with the antagonist had
fewer damaged tubules (asterisk-labeled) (Fig. 4A, g–h
versus d–e). However, the efficacy of ThRII/Fc chimera
lasted only 2 days (Figs. 4A-i and f and 4B), possibly because
it was metabolized and cleared from the testis.
U0126, an MEK inhibitor which prevents MEK from
being phosphorylated, could also block the activation ofFig. 4. A morphological study to assess the effects of pretreatment of testes with
delays AF-2364-induced germ cell loss from the seminiferous epithelium. (A) Re
alone (b) or U0126 alone (c), versus testes from rats treated with AF-2364 (50 mg
2364 (j–l), or ThRII/Fc + U0126 + AF-2364 (m–o). Asterisk indicates seminife
micrographs. (B) The kinetics of germ cell loss from the seminiferous epithelium af
spermatids/spermatocytes found in the lumen or tubules without any spermatids (el
Materials and methods for details. Statistical analyses of various regimens were com
TT, significantly different, P b 0.01.ERK since p-MEK phosphorylates ERK (Dudley et al.,
1995). Similar to the effects of TGF-h antagonist, intra-
testicular administration of U0126 prior to AF-2364 treat-
ment could delay germ cell loss from the epithelium when
compared to AF-2364 treatment alone (Fig. 4B). The final
concentration of U0126 used for administration per testis
was 40 nmol, which was selected based on other in vivo
studies (Bokemeyer et al., 2002; Lui et al., 2003c). The
curve that illustrates the kinetic of germ cell loss from the
epithelium derived from U0126 + AF-2364 almost super-
imposed to that of ThRII/Fc + AF-2364 (Fig. 4B), implying
that both reagents had similar efficacy in blocking germ cell
loss from the epithelium. Also, the representative micro-
graphs illustrated rats treated with U0126 + AF-2364 had
fewer ddamagedT tubules (Fig. 4A, j–k versus d–e). Similar
to ThRII/Fc chimera, the efficacy of U0126 also vanished
by 4 days post-treatment (Figs. 4A-l and f and 4B).
It is of interest to note that when both the antagonist and
the inhibitor were administered intratesticularly in combi-
nation before AF-2364 treatment, they had a more profound
effect in blocking the AF-2364-induced germ cell loss from
the epithelium than when each reagent was used alone (Fig.
4A, m–n versus g–h, j–k and 4B). This implied that they
acted synergistically to delay the disruptive effect of AF-
2364 on Sertoli–germ cell anchoring junctions. Nonetheless,
this countering effect lasted for up to 2 days only (Fig. 4A-f,
i, l, o), possibly because they were metabolically cleared.
Fig. 4A, a–c showed the control testes injected with vehicle
alone, or testes injected with one of the agents without AF-
2364 treatment. The antagonist or the inhibitor when used
alone had no detectable damaging effects on the testis.
Changes in ES-associated protein levels during
AF-2364-induced germ cell loss from the seminiferous
epithelium
Since germ cells attach to Sertoli cells via anchoring
junctions, such as ES, we sought to quantify any changes in
the ES-associated protein complexes during AF-2364-
induced germ cell loss from the epithelium, which include
the cadherin/catenin, the nectin/afadin/ponsin, and the
integrin/laminin protein complexes. E-Cadherin protein level
was induced around 8 h post-treatment, to be followed by a
gradual decline until it was ~1/3 of the control at 15 days
(Fig. 5). This apparent loss of E-cadherin may be a reflection
of germ cell loss from the epithelium since germ cells
contributed to the pool of E-cadherin in the testis (Lee et al.,
2003). N-Cadherin level was elevated also from 4 to 8 ha TGF-h antagonist (ThRII/Fc) or an ERK pathway inhibitor (U0126) tha
presentative micrographs of normal rat testes (a) or treated with ThRII/Fc
/kg. b.w.) alone by gavage (d–f), ThRII/Fc + AF-2364 (g–i), U0126 + AF
rous tubules scored as damaged. Scale bar = 200 Am in a, applies to al
ter different treatments. dDamagedT tubules are defined as those tubules with
ongating and elongate) in the epithelium but not at stages IX–X. See texts in
pared to AF-2364-only treatment group. T, significantly different, P b 0.05t
-
l
;
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Fig. 5. Changes in the level of different AJ-associated proteins in rat testes during AF-2364-induced germ cell loss from the seminiferous epithelium. The three
known AJ-associated protein complexes in the rat testis, namely cadherin/catenin, nectin/afadin/ponsin, and integrin/laminin, were analyzed by SDS-PAGE and
immunoblotting. The bottom panel is the blot stained with an-anti-actin antibody that served as protein loading control. The histograms shown herein are results
of densitometric scanning using immunoblots from at least 3 experiments and the protein level of a target gene at time 0 (Ctrl) was arbitrarily set at 1. Each bar
is the meanF SD of 3 samples. ns, not significantly different from control by one-way ANOVA; T, significantly different, P b 0.05; TT, significantly different,
P b 0.01.
W. Xia, C. Yan Cheng / Developmental Biology 280 (2005) 321–343332onwards to as much as 5-fold at 4–7 days (Fig. 5). For a-
catenin, it displayed a similar pattern as of N-cadherin, but its
level was induced somewhat later and declined to normalbasal level at 15 days (Fig. 5). For the nectin/afadin/ponsin
protein complex, their levels all declined significantly from 1
day onwards (Fig. 5), possibly a reflection of germ cell loss
W. Xia, C. Yan Cheng / Developmental Biology 280 (2005) 321–343 333from the epithelium since germ cells, in particular elongat-
ing/elongate spermatids, were shown to produce these
proteins (Ozaki-Kuroda et al., 2002). Integrin-h1 level
increased by as much as 3–6 folds between 2 days and 15
days post-treatment, yet at this time, laminin-g3, an
exclusive product of germ cells, was reduced by ~1/2 of
the normal (Fig. 5), possibly as a reflection of germ cell loss.
Testin, an AJ-associated signaling protein (Cheng and Mruk,
2002; Cheng and Bardin, 1987; Cheng et al., 1989), was also
induced by 3–6 fold versus control from 2 days to 15 days,
and peaked by 4 days (Fig. 5). In short, the levels of ES
proteins were significantly altered as a result of AF-2364
treatment, correlating with the events of germ cell loss.
TbRII/Fc chimera or U0126 could block the activation of
ERK MAP kinase and delay the changes of ES-associated
proteins in rat testes during AF-2364-induced germ cell loss
from the epithelium
To investigate the biochemical effects of the TGF-h
antagonist or the MEK inhibitor in blocking germ cell loss,
protein lysates from these samples were subjected to
immunoblottings. In AF-2364-treated testes, ERK was
activated substantially by 4–8 h, and peaked at 1 day (see
Figs. 2 and 3). This was also confirmed in Fig. 6 that p-Fig. 6. A study using immunoblot analysis to assess the effects of pretreatment o
activation and the protein levels of AJ-associated protein complexes during AF-2
testes with different treatment groups (see table in top panel) were processed simult
corresponding antibodies against p-ERK, ERK and selected AJ-associated protein
a-catenin and integrin-h1, and the down-regulation of nectin-3 were alleviated bERK1/2 was highest at 1 day, to be followed by an
activation of lower magnitude at 2 days, after AF-2364
treatment. However, when either inhibitor or antagonist was
administered to the testis before feeding rats with AF-2364,
the level of activated ERK at 1 day greatly diminished
although it was still higher than controls. For testes pre-
treated with U0126 prior to AF-2364 administration, this
effect was also observed for 2 days. When both agents were
administered together, that they were more effective in
blocking the AF-2364-induced ERK activation (Fig. 6).
Furthermore, changes of ES-structural proteins were
blocked by using either the inhibitor or the antagonist. For
instance, when ThRII/Fc or U0126 was administered along
with AF-2364, the level of a-catenin at 2 days was
significantly lower than AF-2364 treatment alone (note: a-
catenin level was induced significantly at 2 days, Fig. 5),
and its level was even lower when both agents were
administered together (Fig. 6). For integrin-h1, the same
pattern was also observed (Fig. 6). Nectin-3 level was
reduced significantly as early as 1 day, concomitant with the
event of germ cell detachment from the seminiferous
epithelium (Fig. 5) since nectin-3 is an exclusive spermatid
product (Ozaki-Kuroda et al., 2002). It was noted that
pretreatment with the antagonist or the inhibitor or both
could effectively delay its level from plummeting (Fig. 6).f testes with ThRII/Fc and U0126 in blocking the AF-2364-induced ERK
364-induced germ cell loss from the seminiferous epithelium. Lysates from
aneously and were resolved on the same gel by SDS-PAGE and probed with
s as shown herein. The activation of ERK, the up-regulation of N-cadherin,
y the use of U0126 or ThRII/Fc, or both.
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2364-induced increase or decrease of ES-associated protein
levels, implying that the machineries for Sertoli–germ cell
adhesion were better protected from the damaging effect of
AF-2364 in their presence, validating the role of TGF-h3 in
Sertoli–germ cell adhesion function in the testis.
Dissociation of N-cadherin from b-catenin during
AF-2364-induced germ cell loss from the seminiferous
epithelium
Recent studies have illustrated the significance of adaptors
(e.g., h-catenin) in cell adhesion function through their asso-
ciation with AJ-integral membrane proteins (e.g., N-cad-
herin) (Lee and Cheng, 2005; Lui et al., 2005). To understand
why an increase in cadherins and catenins during AF-2364-Fig. 7. A study using Co-IP to assess changes in N-cadherin and h-catenin i
seminiferous epithelium. (A) Equal amount of testis lysates (~500 Ag protein) from
using an anti-N-cadherin (5 Ag IgG) or an anti-h-catenin (5 Ag IgG) antibody as d
be in excess to precipitate the corresponding antigen in preliminary experiments. T
subjected to immunoblot analysis using a specific h-catenin antibody to estimat
complex. A negative control was included in which the precipitating antibody was
probed for h-catenin and h-actin (see right panel) using the corresponding antibod
of IgG following IP from the same immunoblots shown on the top panel to i
experiment. It was noted that total h-catenin that was pulled down by the anti-h-
panel versus the right panel) that showed an increase in h-catenin protein level d
amount of h-catenin failed to be pulled down by the anti-N-cadherin antibody (see
in the cadherin/catenin complex. (B) This bar chart illustrates a significant loss of
shown in (A) were analyzed semi-quantitatively using blots (n = 3) that were den
arbitrarily set at 1. The ratio of the amount of h-catenin that was pulled down by
anti-h-catenin antibody [see line graph in B and the definition of ordinate on the r
catenin in the epithelium during germ cell loss. Each data point is the mean F SD
one-way ANOVA; T, significantly different, P b 0.05.induced germ cell loss from the testis failed to maintain
Sertoli–germ cell adhesion, co-immunoprecipitation (Co-IP)
experiments were performed. An antibody against N-
cadherin or h-catenin was used to pull down these protein
complexes or their dfreeT protein pool in testis lysates from
samples of the AF-2364-treated rats. It was found that 7 days
post-treatment, there was an impaired association between N-
cadherin and h-catenin since the N-cadherin associated h-
catenin was greatly reduced (Fig. 7A). In fact, the ratio of N-
cadherin-associated h-catenin over total immunoprecipitated
h-catenin reduced by as much as 50% (Fig. 7B). As such, an
induction of these proteins failed to reverse the fate of germ
cell loss from the epithelium induced by AF-2364.
We next sought to examine the pattern of distribution of
N-cadherin and h-catenin in the seminiferous epithelium
using fluorescence microscopy in AF-2364-treated rat testesnteraction in rat testes during AF-2364-induced germ cell loss from the
control, 8 h and 7 days after AF-2364 treatment were immunoprecipitated
escribed in Materials and methods. This concentration of IgG was shown to
he immunoprecipitated complexes were extracted in SDS-sample buffer and
e if there was a loss of protein–protein association in the cadherin/catenin
substituted by rabbit IgG. The same amount of lysates used for IP was also
ies by immunoblottings. The bottom panel shows the heavy and light chains
llustrate equal protein loading and uniform protein transfer in this Co-IP
catenin antibody is consistent with the lysate data (third column on the left
uring AF-2364-induced germ cell loss from the epithelium, yet this same
the 7-day sample), illustrating there was a loss of protein–protein interaction
association between N-cadherin and h-catenin when the data such as those
sitometrically scanned, and normalized against the control testis, which was
an anti-N-cadherin antibody to the amount of h-catenin pulled down by the
ight] gives a relative estimate on the association between N-cadherin and h-
from 3 different experiments. ns, not significantly different from control by
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localize at the BTB in control rat testes (Fig. 8A-a and b).
Interestingly, the belt-like fluorescent immunostaining of
both N-cadherin and h-catenin widened during germ cell
loss induced by AF-2364 treatment (white square bracket in
Fig. 8A-a, e and i), diffusing away from the BTB site
towards the tubule lumen. The intensity of N-cadherinFig. 8. A study using fluorescence microscopy to assess changes in the pattern of
testes with various treatments and their apparent diffusion from their site of origin
seminiferous epithelium. a–d, control testes; e–h, testes from rats on day 2 after AF
testes from rats on day 2 after treatment of AF-2364 with pretreatment of ThRII/F
staining (FITC, green); c, g, k, o: merged images of a and b, e and f, i and j and m a
100 Am, which applies to all micrographs. White broken line indicates the location
membrane in a, e, i, m; and the square bracket indicates the relative diffusion of N-
catenin from its site of origin near the basement membrane. See text in Materials a
is normalized to that of control testis (mean), which was arbitrarily set at 1. At leas
Each bar is the mean F SD. ns, not significantly different from control by one-wstaining in the seminiferous epithelium was clearly intensi-
fied, consistent with immunoblotting data shown in Fig. 5.
This pattern of changes was somewhat similar to h-catenin
(Fig. 8). Perhaps the most important of all, the use of a
TGF-h antagonist and an MEK inhibitor that could rescue
germ cell loss (Fig. 8A-h versus 8A-p) was also shown to
alleviate the diffusing pattern of N-cadherin and h-cateninN-cadherin and h-catenin localization in the seminiferous epithelium of rat
. (A) Immunofluorescent co-localization of N-cadherin and h-catenin in the
-2364 treatment; i–l, testes from rats on day 7 after AF-2364 treatment; m–p,
c and U0126. a, e, i, m: N-cadherin staining (Cy3, red); b, f, j, n: h-catenin
nd n (yellowish-orange), respectively; d, h, l, p: DAPI staining. White bar =
of the basal compartment corresponding to the BTB site near the basement
cadherin. (B) This bar chart shows the relative diffusion of N-cadherin or h-
nd methods for the definition of relative diffusion. The distance of diffusion
t 400 tubules were scored and estimated in each treatment within the group.
ay ANOVA; TT, significantly different, P b 0.01.
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Fig. 8B summarizes the result of an analysis by quantifying
the relative diffusion of N-cadherin and h-catenin from the
BTB site versus control rats.
Loss of association between nectin/afadin protein complex
and changes in their localization patterns
The loss of elongate/elongating spermatids from the
epithelium occurred as early as 8 h after AF-2364 treatment
(Fig. 1C) but the dissociation between N-cadherin and h-
catenin was detected much later than this time (Fig. 7).
Since a loss of nectin/afadin/ponsin protein complexes was
detected 1–2 days after the AF-2364 treatment (Fig. 5),
implicating this complex might be involved in the early
event of elongating/elongate spermatid loss. Using Co-IP
technique and an anti-nectin-3 antibody to pull down nectin-
3 as well as l-afadin (Fig. 9A), the immunoprecipitated
nectin-3 level did not plunge until 1 day after the treatment
and was nearly non-detectable by 2 days (Fig. 9A, bottom
panel), consistent with immunoblot data shown in Fig. 5.
Yet there was a drastic drop of l-afadin level that was pulled
down using the anti-nectin-3 antibody at 8 h compared to
controls (Fig. 9A), illustrating that by 8 h the integrity of
this complex had already been compromised because of a
loss of protein–protein association in this complex. As it is
known that the association between nectin-3 on germ cells
and nectin-2 on Sertoli cells confer cell adhesion function,
and this complex is linked to actin filament via afadin
intracellularly (Takai and Nakanishi, 2003); the reduced
interaction between nectin-3 and l-afadin might be a
necessary step for germ cell depletion to occur. In addition,
when testes were pre-treated with a combination of TGF-h
antagonist and MEK inhibitor prior to AF-2364 admin-
istration, this could reverse the loss of association, at least in
part, between nectin-3 and l-afadin (Fig. 9A).
We next examined the distribution of these two proteins
in the seminiferous epithelium from testes of rats using
fluorescence microcopy (Fig. 9B). Nectin-3 was localized
exclusively to spermatids in the testis, consistent with its
localization at the apical ES site (Fig. 9B-a). Nectin-3 was
found in almost all stages of the tubules at the apical ES site
(Fig. 9B-a). Afadin is an adaptor that was found to localize
to cadherin-based AJ in many tissues including the testis
and it is expressed by both Sertoli and germ cells, localizingFig. 9. A study by Co-IP to assess the loss of association between nectin and afad
patterns in the seminiferous epithelium during AF-2364-induced germ cell loss. (A
control testes and testes 8 h, 1 day and 2 days after AF-2364 treatment. Samples fro
were also included (1 day and 2 days). An anti-nectin-3 antibody was used to
immunoblot and probed for both nectin-3 and l-afadin. A negative control using
association of l-afadin and nectin-3 was detected at 8 h (see histogram in A). (B) A
seminiferous epithelium from control testes, and testes 8 h and 2 days after AF-23
treatment; i–l, testes from rats at 2 days after AF-2364 treatment. a, e, i: Nectin-3
images of a and b, e and f, and i and j (yellowish-orange), respectively; d, h, l: DAP
Am, which applies to f–l. In the merged images (c, g, k), white arrowhead indicates
site where only nectin-3 staining was found and white asterisk indicates l-afad
epithelium. Yellow arrowhead in h points to the depleting spermatids.to both apical and basal ES (Ozaki-Kuroda et al., 2002).
Fig. 9B-b showed the immunofluorescent staining of l-
afadin in normal testes. At the apical ES it appeared to be
stage-specific, being almost non-detectable at stages VII–
VIII, and it was also ubiquitously localized to the basal ES
(Fig. 9B-b and d). The merged image of Fig. 9B-a and B-b
(Fig. 9B-c) has clearly shown that l-afadin and nectin-3 co-
localized to the Sertoli cell–spermatid interface at the
apical ES in all stages except VII–VIII when elongate
spermatids were about to undergo spermiation. Arrows
indicated nectin-3 that was associated with spermatids at
stages VII–VIII; arrowheads illustrated l-afadin and nectin-
3 that were associated with spermatids at the adluminal
edge of the epithelium; asterisks represent basal ES where
l-afadin was also located (Fig. 9B-c). By 8 h after AF-
2364 treatment, elongate/elongating spermatids began to
deplete from the epithelium (found in the lumen) (e.g., see
Fig. 1C-d) and in some tubules, they were moving away
(see arrowheads in Figs. 3A-d and 9B-h). While nectin-3
was still associated with the heads of spermatids at the
apical ES site, l-afadin was missing from the apical ES
when germ cells had already been detached from the
epithelium (Fig. 9B-e and f). The merged image (Fig. 9B-
g) illustrates the progression of spermatid depletion and the
concomitant reduction of l-afadin. l-Afadin staining at the
basal ES also became diminished (Fig. 9B-f), suggesting
that the adaptor protein l-afadin disassociated from the
nectin-3 based protein complex at the apical ES before
germ cell depletion, validating results of the Co-IP
experiment shown in Fig. 9A. These two proteins became
barely visible by 2 days post-treatment (Fig. 9B-i, j and k)
when almost all elongate/elongating spermatids were
depleted from the seminiferous epithelium, and most round
spermatids and spermatocytes were loosely attached to the
seminiferous tubule but were found in the tubule lumen
(Fig. 9B-l).Discussion
Anchoring junctions are crucial devices for germ cell
adhesion and migration in the testis
Anchoring junctions include the cell–cell actin-based
AJ and cell–matrix focal contact, cell–cell intermediatein and by fluorescence microscopy to examine changes in their localization
) Co-IP was carried out using equal amount of testis lysates (~500 Ag) from
m rats pretreated with ThRII/Fc and U0126 prior to AF-2364 administration
pull down the immunoreactive complexes, which were then subjected to
goat IgG as the precipitating antibody was included. A significant loss of
study using fluorescence microscopy to localize nectin-3 and l-afadin in the
64 treatment. a–d, control testes; e–h, testes from rats at 8 h after AF-2364
staining (FITC, green); b, f, j: l-Afadin staining (Cy3, red); c, g, k: merged
I staining. White bar in a = 200 Am, which applies to b–d; and bar in e = 100
a site where nectin-3 and l-afadin were co-localized; white arrow indicates a
in staining that was found at the basal compartment of the seminiferous
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somes (for reviews, see Alberts et al., 2002; Cheng and
Mruk, 2002; Mruk and Cheng, 2004b). ES is a testicular
specific AJ type that is found between Sertoli cell-spermatid
interface (i.e., apical ES) and between apposing Sertoli cells
(i.e., basal ES) at the BTB (for reviews, see Lee and Cheng,2004b; Mruk and Cheng, 2004a,b; Russell, 1980; Toyama et
al., 2003). Preleptotene and leptotene spermatocytes must
traverse the BTB that occurs at late stage VIII through early
stage IX of the epithelial cycle (Russell, 1977). At the same
time, extensive anchoring junction restructuring takes place
during spermatogenesis to facilitate the movement of
W. Xia, C. Yan Cheng / Developmental Biology 280 (2005) 321–343338developing germ cells across the epithelium. Apical ES is
being considered a specialized cell–matrix-cell AJ type
since it is equipped with many proteins usually restricted
to the cell–matrix focal adhesion complex, such as a6h1-
integrins, focal adhesion kinase (FAK), integrin-linked
kinase (ILK), c-Src, phosphatidylinositol 3-kinase (PI 3-
kinase) and ERK; and adaptors including p130Cas, paxillin
and vinculin (for reviews, see Lee and Cheng, 2004a; Lui
et al., 2003d; Siu and Cheng, 2004a; Vogl et al., 2000). On
this note, the role of TGF-h in regulating this unique cell–
matrix-cell AJ type appears to be relevant, since TGF-h is
known to regulate cell–matrix restructuring (e.g., wound
healing) (Leask and Abraham, 2004; Werner and Grose,
2003), and the matrix also serves as a reservoir of TGF-hs
(Gumienny and Padgett, 2002). In fact, TGF-h3 was
shown to associate with a2-macroglobulin in the basement
membrane (a modified form of ECM) of the rat testis, and
TGF-h3 is known to regulate BTB restructuring by
limiting the damaging effects of proteases in the semi-
niferous epithelium (Wong et al., 2004, 2005a). Ironically,
one can argue that an induction of some ES protein losses
(e.g., nectin-3, afadin, E-cadherin) or a loss of protein–
protein associations between cadherins and catenins
following AF-2364 treatment as reported herein could be
the cause or simply reflected the result of germ cell loss
from the epithelium. However, earlier studies have
repeatedly shown that the binding of germ cells onto
Sertoli cells in vitro requires cadherins since an anti-
cadherin antibody can indeed perturb Sertoli–germ cell
adhesion, which is a prerequisite of the subsequent AJ
assembly (Newton et al., 1993; Perryman et al., 1996).
These earlier findings seem to favor the argument that such
losses of protein–protein interactions in the cadherin/
catenin and nectin/afadin complexes are the cause of germ
cell loss. Nonetheless, this argument must be vigorously
tested in future in vivo studies.
TGF-b3 regulates Sertoli–germ cell adhesion function via
the Ras/MEK/ERK signaling pathway
TGF-h1, 2, and 3 are pleiotropic cytokines that regulate
an array of cellular processes including proliferation,
differentiation, development, migration, and epithelial
mesenchymal transition (EMT) (for reviews, see Derynck
and Zhang, 2003; Massague, 2000; Wakefield and Roberts,
2002). TGF-hs are expressed in both immature and adult
testes, associated with somatic and germ cells, and are
stage-specific in mammalian testes, such as the rat (for
reviews, see Ingman and Robertson, 2002; Lui et al.,
2003b). Among the three TGF-hs, TGF-h3 is the most
abundant in the mouse testis (Miller et al., 1990),
implicating its role in testicular functions. Earlier studies
have shown that TGF-h3 is a regulator of Sertoli cell TJ
dynamics in vitro (Lui et al., 2001, 2003c) and BTB
dynamics in vivo (Wong et al., 2004, 2005a). Besides,
results reported herein have illustrated the crucial role ofTGF-h3 in AJ dynamics in the testis, which is mediated
via the ERK signaling pathway. By using ThRII/Fc
chimera, a specific TGF-h antagonist, or U0126, an
MEK inhibitor, it could partially block the action of this
cytokine, significantly delaying the kinetic of germ cell
loss from the epithelium. Collectively, these results thus
illustrate TGF-h3 induction and ERK activation are
necessary for the AF-2364-induced germ cell loss. On
this note, it is of interest that although ThRII/Fc and
U0126 had similar efficacy in partially blocking the AF-
2364-mediated effects on germ cell loss, they had an
additive effect, suggesting that TGF-h3 signaling and the
Ras/ERK pathway could function in parallel in regulating
AJ dynamics. Other studies have shown that TGF-h1 and
Ras can work synergistically to promote cell invasiveness
in intestinal epithelial cells, correlating with a decline in E-
cadherin levels and subcellular re-distribution of h-catenin
(Fujimoto et al., 2001), illustrating TGF-h can indeed
regulate AJ dynamics via the Ras GTPase pathway in
other epithelia. In addition, TGF-h1 was also shown to
induce loss of cell–cell contacts and rearrangement of the
actin cytoskeleton in renal proximal tubular epithelial cells,
yet transient overexpression of Smad2/4 or Smad3/4 failed
to alter such cellular phenotypes (Tian et al., 2003). These
other findings thus support the notion that TGF-h can
affect cell–cell adhesion and cell migration via the Ras/
MEK/ERK pathway, independent of Smad signaling.
Ironically, the findings reported herein must be validated
in future studies to include testis-specific knock-out of
TGF-h3 instead of relying entirely on studies using
pharmacological agents (e.g., U0126, ThRII) since these
agents can affect multiple pathways.
ERK is a putative junction dynamic regulator in the rat
testis
ERK MAP kinase is a crucial signal transducer that
regulates cell adhesion and cell migration (for reviews, see
Carragher and Frame, 2004; Huang et al., 2004). For
instance, ERK together with FAK, c-Src, p130Cas, and
paxillin are necessary for efficient focal adhesion disas-
sembly which can be blocked by U0126, thereby reducing
cell migration rate (Webb et al., 2004). At the focal contact
site, FAK/c-Src has been shown to be the upstream
signaling protein complex of ERK (Carragher and Frame,
2004), and this cascade of signaling event has indeed been
implicated in the testis to regulate Sertoli–germ cell AJ
dynamics (Siu et al., 2003; Wong et al., 2005b). A recent
study has also illustrated that TGF-h1 can stimulate
p130Cas tyrosine phosphorylation and c-Src activity,
which, in turn, regulate cell–cell interactions (Kim and
Joo, 2002). Indeed, an activation of MEK/ERK signaling
was detected during AJ restructuring in tumorigenesis,
which was regulated by TGF-h1 (Zavadil et al., 2001),
implicating the TGF-h/ERK MAP kinase signaling is
crucial to cell motility and AJ dynamics. Consistent with
W. Xia, C. Yan Cheng / Developmental Biology 280 (2005) 321–343 339these earlier findings, the activated ERK was found to
associate with elongate spermatids at stages VII–VIII in
normal testes prior to spermiation, and with depleting
spermatids at stages other than VII–VIII during extensive
AJ restructuring induced by AF-2364. The tight association
between activated ERK and the migrating spermatids thus
implicates the role of this kinase in Sertoli–germ cell AJ
restructuring. We have also demonstrated that the use of
U0126 could delay the AF-2364-induced germ cell loss
from the epithelium. However, it must be cautioned that the
versatility of TGF-h and ERK in the signaling network
may already foretell there is no single activation cascade
that is being used by them to affect AJ dynamics. As it was
shown that co-administration of a TGF-h antagonist and an
MEK inhibitor could block the AF-2364-induced germ cell
loss more efficiently than an agent alone, this synergism
implies that other yet-to-be identified signaling entities
downstream of TGF-h3 or upstream of ERK (and plausibly
other signaling events) maybe involved. For instance, ERK
can also be activated via the PI 3-kinase/Akt pathway, and
PI 3-kinase in the testis was shown to be activated by AF-
2364 (Siu et al., 2003). Nonetheless, it is unarguably true
that TGF-h3 and ERK are key regulators of anchoring
junction dynamics in the testis. In this context, it is of
interest to note that the changes in signaling proteins (e.g.,
p-ERKI/2) and AJ-proteins (e.g., E-cadherin, afadin, nectin-
3) at selected time points as reported herein are associated
with the concomitant loss of germ cells from the
epithelium. As such, in the samples within an experimental
group where a target protein was being analyzed, the
relative contribution of lysates derived from germ and
Sertoli cells varied because of the progressive loss of germ
cells from the epithelium (see Fig. 4 and Chen et al., 2003).
As such, it could be argued that any changes in a target
protein (e.g., p-ERK1/2) detected by immunoblottings
could be the result of sample dilution or concentration.
However, this is rather unlikely for the following reasons.
First, many of the changes in protein levels (and intrinsic
kinase activity) had occurred between 1 h and 1 day after
AF-2364 treatment (e.g., p-ERK1/2) at the time germ cell
loss was not even visible by histological analysis. Second,
many of these proteins were contributed equally by Sertoli
and germ cells which include cadherins, catenins (Lee et
al., 2003, 2004), Ras and Rho GTPases (Lui et al., 2003a),
and afadin (Ozaki-Kuroda et al., 2002). As such, a loss of
germ cells (and a reduction of lysates contributed by germ
cells in the samples being analyzed) per se should not
induce an increase in the target protein level unless it is a
germ cell specific protein, such as laminin g3 which is
largely confined to elongating/elongate spermatids (Siu and
Cheng, 2004b). In this latter case, this would cause a
significant decline in a target protein. Indeed, a mild but
relatively significant loss in laminin g3 (see Fig. 5) was
detected on days 7–15; however, when this result was
correlated with the morphology data when virtually all
elongate/elongating spermatids were depleted from theepithelium, it illustrates an induction in this cell adhesion
protein instead.
Is there a novel mechanism in the testis that pre-selects the
appropriate downstream signaling pathway utilized by
TGF-b3 to regulate AJ alone, or TJs and AJs
simultaneously?
During the AF-2364-induced germ cell loss, the BTB
integrity in these rats was not affected (Mruk and Cheng,
2004b). This observation has recently been validated in
another model using intratesticular androgen suppression
via testosterone-estradiol implants that perturbed Sertoli
cell–spermatid adhesion function seletively without com-
promising the BTB (Xia et al., 2005). Yet TGF-h3 was
known to perturb the tight junction integrity in rat testes
(Lui et al., 2003e; Wong et al., 2004). This seemingly
suggests there is a yet-to-be identified mechanism in the
testis that pre-determines the downstream signaling path-
way to be activated by TGF-h3 so that it can either affect
AJ function alone or both TJ and AJ function. This
possibility is not entirely unprecedented. For instance, a
recent study by Schiffer et al. (2004) has identified CD2-
associated protein (CD2AP), an adaptor, which is neces-
sary for the TGF-h activated PI 3-kinase/Akt and Ras/
ERK1/2 signaling. In its absence, the p38 MAP kinase
pathway was preferentially activated (Schiffer et al., 2004).
In its presence, however, TGF-h activated both the PI 3-
kinase/Akt and Ras/ERK1/2 pathways. Yet CD2AP is not
required for PI 3-kinase/Akt activation by EGF and
insulin, nor for activation of Smad2, suggesting it is
crucial for TGF-h mediated signaling function independent
of Smad (Schiffer et al., 2004). Furthermore, both TGF-h
receptors and CD2AP are present in lipid rafts (Razani et
al., 2001; Schwarz et al., 2001) except that it is not known
if this adaptor is found at the anchoring junction site in the
testis. Nonetheless, these data support a model where
CD2AP may interact with TGF-h receptors to allow
selective activation of PI3K/Akt and Ras/ERK1/2 signaling
pathways (Schiffer et al., 2004). CD2AP belongs to a
family of ubiquitously expressed adaptors containing three
Src-homology 3 (SH3) domains, a proline-rich region and
a coiled-coil domain (for a review, see Dikic, 2002) and is
expressed in the human testis (Kirsch et al., 1999). It
interacts with the p85 subunit of PI 3-kinase via the SH3
domain, and interacts with p130Cas and Src family kinases
via the proline-rich region (for a review, see Dikic, 2002).
Although much of the current information pertinent to
CD2AP was derived from studies in the kidney, it is
possible that the testis may use similar mechanism to select
the appropriate downstream signaling pathways to be used
by TGF-h3 to affect either AJ alone or TJ and basal ES at
the BTB. In fact, two CD2AP interacting partners, namely,
the p85a subunit of PI 3-kinase and p130Cas have been
identified in the testis and were shown to regulate Sertoli–
germ cell AJ dynamics (Siu et al., 2003).
W. Xia, C. Yan Cheng / Developmental Biology 280 (2005) 321–343340A loss of protein–protein interactions in the ES-associated
protein complexes that leads to the loss of cell adhesion
funtion in the seminiferous epithelium
The progressive loss of germ cells induced by AF-2364
began with elongate/elongating spermatids, to be followed
by round spermatids and spermatocytes reported herein are
consistent with an earlier study (Chen et al., 2003). Clearly,
apical ES that confers Sertoli cell-elongate spermatid
adhesion is the early target of AF-2364. Furthermore, weFig. 10. A schematic drawing that illustrates the AF-2364-induced germ cell loss
MEK/ERK pathway, which in turn affects the adaptor function of h-catenin, causin
complex. This drawing was prepared based on findings reported herein and other re
and Cheng, 2004b, 2005; Lui et al., 2003a; Massague, 2000; Shi and Massague, 20
and Roberts, 2002). Shown here are the three known AJ–protein complexes at t
laminin that confer adhesion function between Sertoli and germ cells. Latent TGF
Sertoli cell membrane near the tunica propria. Upon AF-2364 treatment, various
induction of TGF-h3. This leads to the activation of Ras/MEK/ERK signaling pa
kinases and phosphatases). This in turn regulates the loss of association between AJ
afadin, and the down-regulation of different proteins, such as nectin-3, l-afadin, po
Sertoli and germ cells. Furthermore, the loss of adapters (e.g., afadin) or ES-protein
reported herein. All this contributes to the eventual sloughing of germ cells from th
VII–VIII at the adluminal compartment of the normal seminiferous epithelium and
herein have implicated its possible role in the sloughing of germ cells from the S
could partially block the action of AF-2364 in depleting germ cells from the se
signaling pathway in regulating AJ dynamics in the testis.have shown that the nectin/afadin protein complex is
responsible, at least in part, for this early event since the
association between nectin-3 and l-afadin was significantly
weakened before a decline in their protein levels was
detected. Indeed, the nectin/afadin-based complex is one of
the major cell adhesion molecules at the apical ES in the
seminiferous epithelium (Ozaki-Kuroda et al., 2002; Takai
and Nakanishi, 2003). Interestingly, a loss of protein–
protein interactions between N-cadherin and h-catenin was
detected at a much later stage during AF-2364-inducedfrom the seminiferous epithelium is likely mediated via the TGF-h3/Ras/
g the loss of protein–protein interactions of the N-cadherin/h-catenin protein
cent reports and reviews (Cheng and Mruk, 2002; Derynck et al., 2001; Lee
03; Siu and Cheng, 2004a; Siu et al., 2003; Toyama et al., 2003; Wakefield
he ES site: the cadherin/catenin, the nectin/afadin/ponsin, and the integrin/
-h3 in the basement membrane is activated and binds to its receptors on the
signaling events occur (Lui et al., 2003a; Siu et al., 2003), including an
thway which regulates the expression of an array of proteins (e.g., protein
-associated protein complexes, such as N-cadherin/h-catenin and nectin-3/l-
nsin, laminin-g3 and E-cadherin, resulting in a weakened adhesion between
s (e.g., laminin) from the ES (see molecules with dotted lines) also occurs as
e epithelium. A transient induction of p-ERK at the apical ES site in stages
at the Sertoli cell-spermatid interface in AF-2364-treated testes as reported
ertoli cell epithelium. The use of TGF-h antagonist or MEK inhibitor that
miniferous epithelium has validated the crucial role of the TGF-h3/ERK
W. Xia, C. Yan Cheng / Developmental Biology 280 (2005) 321–343 341germ cell loss. For instance, the diffusion of both proteins
away from the basal and apical ES sites was not obvious
until days after the drug treatment. There are reports
illustrating the N-cadherin/h-catenin complex is more
predominant at the basal ES (Lau and Mruk, 2003; Lee et
al., 2003; Wine and Chapin, 1999) at the BTB and it is also
found at the apical ES (Johnson and Boekelheide, 2002; Lee
et al., 2004). While both N-cadherin and h-catenin were
induced during AF-2364-induced germ cell loss from the
epithelium, their enhanced protein production failed to
retain germ cells in the epithelium because of a loss of
protein–protein interactions in this complex. This may
indeed be a novel mechanism used by the testis to protect
the BTB when the testis is under the assault of AF-2364.
Since N-cadherin and h-catenin are proteins of the basal ES
and are present side-by-side with other TJ protein com-
plexes that constitute the BTB, a loss of the cadherin/catenin
protein level at this site may compromise the BTB function.
Instead, the levels of cadherins and catenins were induced
by AF-2364 to reinforce the BTB integrity, yet a loss of the
adaptor function of h-catenin (as illustrated by h-catenin
that diffuses away from the basal ES site) had occurred. This
loss of protein–protein interaction somehow transmits the
signal from the basal ES to the apical ES, inducing the loss
of spermatids from the epithelium. This explains the delay
of this event because of the time required to mediate the
cross-talks between basal and apical ES (Fig. 10). Fig. 10
also summarizes results reported herein and the latest
findings in the field regarding the regulation of sertoli-germ
cell anchoring junction (e.g., apiclal ES) function in semini-
ferous epithelium of the rat testis.Acknowledgments
Supported in part by grants from the National Institutes
of Health (NICHD, U01 HD045908 to CYC; U54
HD029990, Project 3 to CYC), and the CONRAD Program
(CICCR, C1G 01-72 to CYC).References
Alberts, B., Johnson, A., Lewis, J., Raff, M., Roberts, K., Watter, P., 2002.
Molecular Biology of the Cell. Garland Science, New York.
Bokemeyer, D., Panek, D., Kramer, H.J., Lindemann, M., Kitahara, M.,
Boor, P., Kerjaschki, D., Trzaskos, J.M., Floege, J., Ostendorf, T., 2002.
In vivo identification of the mitogen-activated protein kinase cascade as
a central pathogenic pathway in experimental mesangioproliferative
glomerulonephritis. J. Am. Soc. Nephrol. 13, 1473–1480.
Bradford, M., 1976. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye
binding. Anal. Biochem. 72, 248–254.
Carragher, N.O., Frame, M.C., 2004. Focal adhesion and actin dynamics: a
place where kinases and proteases meet to promote invasion. Trends
Cell Biol. 14, 241–249.
Chang, F., Steelman, L.S., Lee, J.T., Shelton, J.G., Navolanic, P.M.,
Blalock, W.L., Franklin, R.A., McCubrey, J.A., 2003. Signal trans-duction mediated by the Ras/Raf/MEK/ERK pathway from cytokine
receptors to transcription factors: potential targeting for therapeutic
intervention. Leukemia 17, 1263–1293.
Chen, Y.-M., Lee, N.P.Y., Mruk, D.D., Lee, W.M., Cheng, C.Y., 2003. Fer
kinase/FerT and adherens junction dynamics in the testis: an in vitro and
in vivo study. Biol. Reprod. 69, 656–672.
Cheng, C.Y., Bardin, C.W., 1987. Identification of two testosterone-
responsive testicular proteins in Sertoli cell-enriched culture medium
whose secretion is suppressed by cells of the intact seminiferous tubule.
J. Biol. Chem. 262, 12768–12779.
Cheng, C.Y., Mruk, D.D., 2002. Cell junction dynamics in the testis:
Sertoli–germ cell interactions and male contraceptive development.
Physiol. Rev. 82, 825–874.
Cheng, C.Y., Musto, N.A., Gunsalus, G.L., Frick, J., Bardin, C.W., 1985.
There are two forms of androgen binding protein in human testes:
comparison of their protomeric variants with serum testosterone-
estradiol binding globulin. J. Biol. Chem. 260, 5631–5640.
Cheng, C.Y., Grima, J., Stahler, M.S., Lockshin, R.A., Bardin, C.W., 1989.
Testins are structurally related Sertoli cell proteins whose secretion is
tightly coupled to the presence of germ cells. J. Biol. Chem. 264,
21386–21393.
Cheng, C.Y., Silvestrini, B., Grima, J., Mo, M.-Y., Zhu, L.-J., Jahansson, E.,
Saso, L., Leone, M.-G., Palmery, M., Mruk, D., 2001. Two new male
contraceptives exert their effects by depleting germ cells prematurely
from the testis. Biol. Reprod. 65, 449–461.
de Kretser, D., Kerr, J., 1994. The cytology of the testis. In: Knobil, E.,
Neill, J.D. (Eds.), Physiol. Reprod. vol. 1. Raven Press, New York,
pp. 1177–1300.
Derynck, R., Zhang, Y.E., 2003. Smad-dependent and Smad-independent
pathways in TGF-h family signaling. Nature 425, 577–584.
Derynck, R., Akhurst, R.J., Balmain, A., 2001. TGF-h signaling in tumor
suppression and cancer progression. Nat. Genet. 29, 117–129.
Dikic, I., 2002. CIN85/CMS family of adaptor molecules. FEBS Lett. 529,
110–115.
Dudley, D., Pang, L., Decker, S., Bridges, A., Saltiel, A., 1995. A synthetic
inhibitor of the mitogen-activated protein kinase cascade. Proc. Natl.
Acad. Sci. U. S. A. 92, 7686–7689.
Dym, M., Fawcett, D.W., 1970. The blood–testis barrier in the rat and the
physiological compartmentation of the seminiferous epithelium. Biol.
Reprod. 3, 308–326.
Fujimoto, K., Sheng, H., Shao, J., Beauchamp, R.D., 2001. Transforming
growth factor-h1promotes invasiveness after cellular transformationwith
activated Ras in intestinal epithelial cells. Expt. Cell Res. 266, 239–249.
Grima, J., Wong, C.C.S., Zhu, L.-J., Zong, S.-D., Cheng, C.Y., 1998.
Testin secreted by Sertoli cells is associated with the cell surface, and
its expression correlates with the disruption of Sertoli–germ cell
junctions but not the inter-Sertoli tight junction. J. Biol. Chem. 273,
21040–21053.
Grima, J., Silvestrini, B., Cheng, C.Y., 2001. Reversible inhibition of
spermatogenesis in rats using a new male contraceptive, 1-(2,4-dichlo-
robenzyl)-indazole-3-carbohydrazide. Biol. Reprod. 64, 1500–1508.
Gumienny, T.L., Padgett, R.W., 2002. The other side of TGF-h superfamily
signal regulation: thinking outside the cell. Trends Endocrinol. Metab.
13, 295–299.
Guo, X., Rao, J.N., Liu, L., Zou, T.T., Turner, D.J., Bass, B.L., Wang, J.Y.,
2003. Regulation of adherens junctions and epithelial paracellular
permeability: a novel function for polyamines. Am. J. Physiol.: Cell
Physiol. 285, C1174–C1187.
Hew, K.W., Heath, G.L., Jiwa, A.H., Welsh, M.J., 1993. Cadmium in vivo
causes disruption of tight junction-associated microfilaments in rat
Sertoli cells. Biol. Reprod. 49, 840–849.
Huang, C., Jacobson, K., Schaller, M.D., 2004. MAP kinases and cell
migration. J. Cell Sci. 117, 4619–4628.
Hurst IV, V., Goldberg, P.L., Minnear, F.L., Heimark, R.L., Vincent, P.A.,
1999. Rearrangement of adherens junctions by transforming growth
factor-h1: role of contraction. Am. J. Physiol.: Lung Cell. Mol. Physiol.
276, L582–L595.
W. Xia, C. Yan Cheng / Developmental Biology 280 (2005) 321–343342Ingman, W.V., Robertson, S.A., 2002. Defining the action of transforming
growth factor h in reproduction. BioEssays 24, 904–914.
Johnson, K.J., Boekelheide, K., 2002. Dynamic testicular adhesion
junctions are immunologically unique: II. Localization of classic
cadherins in rat testis. Biol. Reprod. 66, 992–1000.
Kim, J.T., Joo, C.K., 2002. Involvement of cell–cell interactions in the rapid
stimulation of Cas tyrosine phosphorylation and Src kinase activity by
transforming growth factor-h1. J. Biol. Chem. 277, 31938–31948.
Kirsch, K.H., Georgescu, M.-M., Ishimaru, S., Hanafusa, H., 1999. CMS:
an adapter molecule involved in cytoskeletal rearrangements. Proc.
Natl. Acad. Sci. U. S. A. 96, 6211–6216.
Komesli, S., Vivien, D., Dutartre, P., 1998. Chimeric extracellular domain
type II transforming growth factor (TGF)-h receptor fused to the Fc
region of human immunoglobulin as a TGF-h antagonist. Eur. J.
Biochem. 254, 505–513.
Lau, A.S.N., Mruk, D.D., 2003. Rab8B GTPase and junction dynamics in
the testis. Endocrinology 144, 1549–1563.
Leask, A., Abraham, D.J., 2004. TGF-h signaling and the fibrotic response.
FASEB J. 18, 816–827.
Lee, N.P.Y., Cheng, C.Y., 2004a. Adaptors, junction dynamics, and
spermatogenesis. Biol. Reprod. 71, 392–404.
Lee, N.P.Y., Cheng, C.Y., 2004b. Ectoplasmic specialization, a testis-
specific cell–cell actin-based adherens junction type: is this a potential
target for male contraceptive development? Hum. Reprod. Updat. 10,
349–369.
Lee, N.P.Y., Cheng, C.Y., 2005. Protein kinases and adherens junction
dynamics in the seminiferous epithelium of the rat testis. J. Cell.
Physiol. 202, 344–360.
Lee, N.P.Y., Mruk, D., Lee, W.M., Cheng, C.Y., 2003. Is the cadherin/
catenin complex a functional unit of cell–cell actin-based adherens
junctions in the rat testis? Biol. Reprod. 68, 489–508.
Lee, N.P.Y., Mruk, D.D., Conway, A.M., Cheng, C.Y., 2004. Zyxin, axin,
and Wiskott–Aldrich syndrome protein are adaptors that link the
cadherin/catenin protein complex to the cytoskeleton at adherens
junctions in the seminiferous epithelium of the rat testis. J. Androl.
25, 200–215.
Lui, W.Y., Lee, W.M., Cheng, C.Y., 2001. Transforming growth factor-h3
perturbs the inter-Sertoli tight junction permeability barrier in vitro
possibly mediated via its effects on occludin, zonula occludens-1, and
claudin-11. Endocrinology 142, 1865–1877.
Lui, W.Y., Lee, W.M., Cheng, C.Y., 2003a. Sertoli–germ cell adherens
junction dynamics in the testis are regulated by RhoB GTPase via the
ROCK/LIMK signaling pathway. Biol. Reprod. 68, 2189–2206.
Lui, W.Y., Lee, W.M., Cheng, C.Y., 2003b. TGF-hs: their role in testicular
function and Sertoli cell tight junction dynamics. Int. J. Androl. 26,
1–14.
Lui, W.Y., Lee, W.M., Cheng, C.Y., 2003c. Transforming growth factor-h3
regulates the dynamics of Sertoli cell tight junctions via the p38 mitogen-
activated protein kinase pathway. Biol. Reprod. 68, 1597–1612.
Lui, W.Y., Mruk, D.D., Lee, W.M., Cheng, C.Y., 2003d. Adherens junction
dynamics in the testis and spermatogenesis. J. Androl. 24, 1–14.
Lui, W.Y., Wong, C.H., Mruk, D.D., Cheng, C.Y., 2003e. TGF-h3
regulates the blood–testis barrier dynamics via the p38 mitogen
activated protein (MAP) kinase pathway: an in vivo study. Endo-
crinology 144, 1139–1142.
Lui, W.Y., Mruk, D., Cheng, C.Y., 2005. Interactions among IQGAP1,
Cdc42, and the cadherin/catenin protein complex regulate Sertoli–germ
cell adherens junction dynamics in the testis. J. Cell. Physiol. 202,
49–66.
Lutgens, E., Gijbels, M., Smook, M., Heeringa, P., Gotwals, P.,
Koteliansky, V., Daemen, M., 2002. Transforming growth factor-h
mediates balance between inflammation and fibrosis during plaque
progression. Arterioscler. Thromb. Vasc. Biol. 22, 975–982.
Man, Y., Hart, V.J., Ring, C.J.A., Sanjar, S., West, M.R., 2000. Loss of
epithelial integrity resulting from E-cadherin dysfunction predisposes
airway epithelial cells to adenoviral infection. Am. J. Respir. Cell Mol.
Biol. 23, 610–617.Massague, J., 2000. How cells read TGF-h signals. Nat. Rev. Mol. Cell
Biol. 1, 169–178.
Miller, D.A., Pelton, R.W., Derynck, R., Moses, H.L., 1990. Transforming
growth factor-h—a family of growth regulatory peptides. Ann. N. Y.
Acad. Sci. 593, 209–217.
Mruk, D.D., Cheng, C.Y., 2004a. Cell–cell interactions at the ectoplasmic
specialization in the testis. Trends Endocrinol. Metab. 15, 439–447.
Mruk, D.D., Cheng, C.Y., 2004b. Sertoli–Sertoli and Sertoli–germ cell
interactions and their significance in germ cell movement in the
seminiferous epithelium during spermatogenesis. Endocr. Rev. 25,
747–806.
Newton, S.C., Blaschuk, O.W., Millette, C.F., 1993. N-Cadherin mediates
Sertoli cell–spermatogenic cell adhesion. Dev. Dyn. 197, 1–13.
Ozaki-Kuroda, K., Nakanishi, H., Ohta, H., Tanaka, H., Kurihara, H.,
Mueller, S., Irie, K., Ikeda, W., Sakai, T., Wimmer, E., 2002. Nectin
couples cell–cell adhesion and the actin scaffold at heterotypic testicular
junctions. Curr. Biol. 12, 1145–1150.
Perryman, K.J., Stanton, P.G., Loveland, K.L., McLachlan, R.I., Robert-
son, D.M., 1996. Hormonal dependency of neural cadherin in the
binding of round spermatids to Sertoli cells in vitro. Endocrinology
137, 3877–3883.
Ravanti, L., Hakkinen, L., Larjava, H., Saarialho-Kere, U., Foschi, M.,
Han, J., Kahari, V.-M., 1999. Transforming growth factor-h induces
collagenase-3 expression by human gingival fibroblasts via p38
mitogen-activated protein kinase. J. Biol. Chem. 274, 37292–37300.
Razani, B., Zhang, X.L., Bitzer, M., von Gersdorff, G., Bottinger, E.P.,
Lisanti, M.P., 2001. Caveolin-1 regulates transforming growth factor
(TGF)-h /Smad signaling through an interaction with the TGF-h type I
receptor. J. Biol. Chem. 276, 6727–6738.
Russell, L.D., 1977. Movement of spermatocytes from the basal to the
adluminal compartment of the rat testis. Am. J. Anat. 148, 313–328.
Russell, L., 1980. Sertoli–germ cell interactions: a review. Gamete Res. 3,
179–202.
Ryan, S.T., Koteliansky, V.E., Gotwals, P.J., Lindner, V., 2003. Trans-
forming growth factor-h-dependent events in vascular remodeling
following arterial injury. J. Vasc. Res. 40, 37–46.
Schiffer, M., Mundel, P., Shaw, A.S., Bottinger, E.P., 2004. A novel role for
the adaptor molecule CD2-associated protein in transforming growth
factor-h-induced apoptosis. J. Biol. Chem. 279, 37004–37012.
Schwarz, K., Simons, M., Reiser, J., Saleem, M.A., Faul, C., Kriz, W.,
Shaw, A.S., Holzman, L.B., Mundel, P., 2001. Podocin, a raft-
associated component of the glomerular slit diaphragm, interacts with
CD2AP and nephrin. J. Clin. Invest. 108, 1621–1629.
Setchell, B.P., 1980. The functional significance of the bloodtestis barrier.
J. Androl. 1, 3–10.
Shi, Y., Massague, J., 2003. Mechanisms of TGF-h signaling from cell
membrane to the nucleus. Cell 113, 685–700.
Siu, M.K.Y., Cheng, C.Y., 2004a. Dynamic cross-talk between cells and the
extracellular matrix in the testis. BioEssays 26, 978–992.
Siu, M.K.Y., Cheng, C.Y., 2004b. Interactions of proteases, protease
inhibitors, and the h1 integrin/laminin g3 protein complex in the
regulation of ectoplasmic specialization dynamics in the rat testis. Biol.
Reprod. 70, 945–964.
Siu, M.K.Y., Mruk, D.D., Lee, W.M., Cheng, C.Y., 2003. Adhering
junction dynamics in the testis are regulated by an interplay of h1
integrin and the focal adhesion complex-associated proteins. Endocri-
nology 144, 2141–2163.
Takai, Y., Nakanishi, H., 2003. Nectin and afadin: novel organizers of
intercellular junctions. J. Cell Sci. 116, 17–27.
Tian, Y.C., Fraser, D., Attisano, L., Phillips, A.O., 2003. TGF-h1-mediated
alterations of renal proximal tubular epithelial cell phenotype. Am. J.
Physiol. Renal Physiol. 285, F130–F142.
Toyama, Y., Maekawa, M., Yuasa, S., 2003. Ectoplasmic specializations in
the Sertoli cell: news vistas based on genetic defects and testicular
toxicology. Anat. Sci. Int. 78, 1–16.
Troxell, M.L., Chen, Y.-T., Cobb, N., Nelson, W.J., Marrs, J.A., 1999.
Cadherin function in junctional complex rearrangement and posttransla-
W. Xia, C. Yan Cheng / Developmental Biology 280 (2005) 321–343 343tional control of cadherin expression. Am. J. Physiol.: Cell Physiol.
276, C404–C418.
Vogl, A.W., Pfeiffer, D.C., Mulholland, D., Kimel, G., Guttman, J., 2000.
Unique and multifunctional adhesion junctions in the testis: ectoplasmic
specializations. Arch. Histol. Cytol. 63, 1–15.
Wakefield, L.M., Roberts, A.B., 2002. TGF-h signaling: positive and
negative effects on tumorigenesis. Curr. Opin. Genet. Dev. 12, 22–29.
Walsh, S.V., Hopkins, A.M., Nusrat, A., 2000. Modulation of tight
junction structure and function by cytokines. Adv. Drug Delivery Rev.
41, 303–313.
Webb, D.J., Donais, K., Whitmore, L.A., Thomas, S.M., Turner, C.E.,
Parsons, J.T., Horwitz, A.F., 2004. FAK-Src signalling through paxillin,
ERK and MLCK regulates adhesion disassembly. Nat. Cell Biol. 6,
154–161.
Werner, S., Grose, R., 2003. Regulation of wound healing by growth factors
and cytokines. Physiol. Rev. 83, 835–870.
Wiebe, J.P., Barr, K.J., Buckingham, K.D., Gedded, P.D., Kudo, P.A.,
1986. Prospects of a male contraceptive based on selective antisper-
matogenic action of 1,2,3-trihydroxypropane (THP; glycerol). In:
Zatuchni, G.I., Goldsmith, A., Spiler, A.J.M., Sciarra, J.J. (Eds.), Male
Contraception: Advances and Future Prospects. Harper and Row,
Philadelphia, pp. 252–270.
Wine, R.N., Chapin, R.E., 1999. Adhesion and signaling proteinsspatiotemporally associated with spermiation in the rat. J. Androl. 20,
198–213.
Wong, C.H., Mruk, D.D., Lui, W.Y., Cheng, C.Y., 2004. Regulation of
blood–testis barrier dynamics: an in vivo study. J. Cell Sci. 117,
783–798.
Wong, C.H., Mruk, D.D., Siu, M.K.Y., Cheng, C.Y., 2005a. Bloodtestis
barrier dynamics are regulated by a2-macroglobulin via the c-Jun N-
terminal protein kinase pathway. Endocrinology (Published on Decem-
ber 23, 2004 as doi:10.1210/en.2004-1464, in press).
Wong, C.H., Xia, W., Lee, N.P.Y., Mruk, D.D., Lee, W.M., Cheng, C.Y.,
2005b. Regulation of ectoplasmic specialization dynamics in the
seminiferous epithelium by focal adhesion-associated proteins in
testosterone-suppressed rat testes. Endocrinology (Published on Decem-
ber 9, 2004 as doi:10.1210/en.2004-1275, in press).
Xia, W., Wong, C.H., Lee, N.P.Y., Lee, W.M., Cheng, C.Y., 2005. A
disruption of Sertoli–germ cell adhesion function in the seminiferous
epithelium of the rat testis can be limited to adherens junctions without
affecting the blood–testis barrier integrity: An in vivo study using an
androgen suppression model. J. Cell. Physiol. (in press).
Zavadil, J., Bitzer, M., Liang, D., Yang, Y.-C., Massimi, A., Kneitz, S.,
Piek, E., Bottinger, E.P., 2001. Genetic programs of epithelial cell
plasticity directed by transforming growth factor-h. Proc. Natl. Acad.
Sci. U. S. A. 98, 6686–6691.
